Influenza pandemics require that a virus containing a hemagglutinin (HA) surface antigen previously unseen by a majority of the population becomes airborne-transmissible between humans. Although the HA protein is central to the emergence of a pandemic influenza virus, its required molecular properties for sustained transmission between humans are poorly defined. During virus entry, the HA protein binds receptors and is triggered by low pH in the endosome to cause membrane fusion; during egress, HA contributes to virus assembly and morphology. In 2009, a swine influenza virus (pH1N1) jumped to humans and spread globally. Here we link the pandemic potential of pH1N1 to its HA acid stability, or the pH at which this one-time-use nanomachine is either triggered to cause fusion or becomes inactivated in the absence of a target membrane. In surveillance isolates, our data show HA activation pH values decreased during the evolution of H1N1 from precursors in swine (pH 5.5-6.0), to early 2009 human cases (pH 5.5), and then to later human isolates (pH 5.2-5.4). A loss-of-function pH1N1 virus with a destabilizing HA1-Y17H mutation (pH 6.0) was less pathogenic in mice and ferrets, less transmissible by contact, and no longer airborne-transmissible. A ferret-adapted revertant (HA1-H17Y/HA2-R106K) regained airborne transmissibility by stabilizing HA to an activation pH of 5.3, similar to that of human-adapted isolates from late [2009] [2010] [2011] [2012] [2013] [2014] . Overall, these studies reveal that a stable HA (activation pH ≤ 5.5) is necessary for pH1N1 influenza virus pathogenicity and airborne transmissibility in ferrets and is associated with pandemic potential in humans.
influenza virus | pandemic | transmission | membrane fusion | fusion glycoprotein W ild aquatic birds are thought to be the natural reservoir of influenza A viruses (1) . Influenza pandemics occur every few decades, and swine are widely believed to be a key factor in the genesis of pandemics by facilitating reassortment of the eight viral gene segments and replacing avian-like (α-2,3-linked) hemagglutinin (HA) sialic acid receptor-binding specificity with human-like (α-2,6-linked) (2) . If the molecular adaptations that allow efficient human-to-human transmissibility are understood, then circulating viruses undergoing these changes (i.e., those with the greatest pandemic potential) could be identified.
In 2009, pandemic (p) H1N1 emerged from swine and swiftly infected more than 60 million people, causing 12,000 US deaths in the first year (3) . The pandemic strain originated by reassortment in swine, combining five genes (PB1, PB2, PA, NP, and NS) from North American triple-reassortant swine (TRS) viruses, two genes (NA and M) from Eurasian avian-like swine viruses, and an HA gene closely related to that of the classical swine lineage (4) . pH1N1 viruses continue to circulate as seasonal H1N1 viruses. They retain several known pandemic traits, including α-2,6-linked sialic acid receptor-binding specificity of the HA, functional balance of HA and NA activity, and a polymerase adapted to the mammalian upper airway (5) . Although these traits appear to be necessary for airborne transmissibility of influenza viruses, they do not appear to be sufficient. For example, H5N1 viruses engineered to have these traits were not airtransmissible among ferrets until a mutation increased HA thermostability and lowered the HA activation pH (6) (7) (8) . The importance of HA stabilization in supporting the adaptation of influenza viruses to humans or enabling a human pandemic is not completely understood.
After receptor binding and endocytosis, low pH triggers irreversible structural changes in the HA protein that fuse the viral envelope and host endosomal membrane (9) . Measured HA activation pH values across all subtypes and species range from ∼5.0 to 6.0, trending higher in avian viruses (pH 5.6-6.0) and lower in human viruses (pH 5.0-5.5) (10) .
The goal of this study was to define the role of HA acid stability in pH1N1 pandemic capability. Our data show that HA activation pH decreased as H1N1 adapted from swine to humans. Complementary experiments in ferrets recapitulated this evolution, as we observed a loss-of-function pH1N1 virus acquired airborne transmissibility via stabilizing mutations. Overall, these studies link a fundamental molecular property, the barrier for activation of a membrane fusion protein (for influenza virus HA, its acid stability), to the interspecies adaptation of a ubiquitous respiratory virus.
Results
HA Activation pH of Swine H1 Viruses. To investigate the contribution of HA acid stability in the emergence of pH1N1, we first measured the HA activation pH values of 38 antecedent H1 Significance Influenza pandemics occur several times per century, causing millions of deaths. For one of the myriad of zoonotic influenza viruses to do so, a virus containing a hemagglutinin (HA) surface antigen previously unseen by most humans must evolve the necessary, albeit largely unknown, properties for sustained respiratory spread between people. During entry, the prototypic viral fusion protein HA binds receptors and is triggered irreversibly by low pH in endosomes to cause membrane fusion. These studies link a fundamental property, activation energy of a fusion protein measured as its pH of activation (acid stability), to the ability of zoonotic influenza viruses to cause a human pandemic. Monitoring HA stability is expected to enhance prepandemic surveillance and control of emerging influenza viruses. swine viruses representing classical swine, North American TRS, and Eurasian avian-like lineages (SI Appendix, Table S1 and Fig.  S1 A and B) . Syncytia assays were performed after infecting Vero cells with influenza viruses. Classical swine and North American TRS H1 viruses had HA activation pH values ranging from 5.5 to 5.9 and from 5.4 to 5.8, respectively (Fig. 1) . Eurasian avian-like swine viruses had a mean activation pH of 5.8-6.0 (Fig. 1) , overlapping the values from classical swine and TRS lineages, but trending higher. The relatively high HA activation pH values for the avian-like swine viruses is consistent with their greater similarity to avian H1 viruses (SI Appendix, Fig. S1B ), which we found to have a high, albeit broad, range of HA activation pH (5.5-6.2). Human pH1N1 viruses A/CA/04/2009 and A/TN/1-560/2009, which were isolated at the start of the pandemic, had mean an HA activation pH of 5.6 and 5.5, respectively (Fig. 1) , which is moderately higher than the activation values (pH 5.0-5.3) of early pandemic viruses from the three 20th-century pandemics (10) . Later pH1N1 viruses isolated from 2010 to 2012 were lower (pH 5.2-5.4), which is more in line with the 20th-century pandemic viruses. Before the emergence of TRS viruses, few human infections with classical swine viruses were reported. To determine whether HA acid stability could have contributed to dead-end outcomes of classical swine virus infections in humans, we measured the activation pH of two such viruses recovered from humans (A/Wisconsin/301/1976, A/Ohio/3559/1988). These pH values were 5.8 and 5.6, respectively, which is higher than values in humanadapted viruses. Overall, these data suggest that the H1 viruses have a preferred HA activation pH of 5.5-6.0 in swine, a tolerable range of 5.5-5.6 in humans early during a pandemic, and a preferred range of 5.0-5.4 in humans after sustained circulation.
In Vitro Properties of an HA-Destabilized pH1N1 Virus. To examine how HA acid stability influences virus fitness, we engineered an HA-destabilizing HA1-Y17H mutation into the fusion peptide pocket of the HA stalk of A/Tennessee/1-560/2009, an early pH1N1 isolate. Residue 17 in H3 numbering is residue 24, starting from the initiating methionine in the H1 HA protein. Y17 allows a direct hydrogen bond to the fusion peptide, but H17 does not, thereby destabilizing the HA protein (SI Appendix, Fig. S2 ). H17 occurs rarely in swine H1 viruses (2 of 9,574), which have group 1 HA proteins. However, H17 is nearly universally conserved in the group 2 HA proteins of the H3, H4, H7, H10, H14, and H15 subtypes. A loss-of-function approach was used because of the current suspension of gain-of-function research on influenza viruses.
The destabilizing Y17H mutation increased both the pH of activation and the pH of inactivation of the HA protein from 5.5 (WT) to 6.0 (Y17H) (SI Appendix, Fig. S3 A-C). This relatively high activation pH is common in avian and some swine viruses (10), and we wished to determine its effect on replication in mammals. As HA receptor-binding specificity contributes to H1 influenza virulence and transmissibility in mammals (11), we first analyzed the receptor preference of the mutant. The Y17H mutation did not alter the binding preference of the pH1N1 HA protein for α-2,6-linked glycans (SI Appendix, Fig. S3D ). WT and Y17H HA proteins were comparably expressed and cleaved in infected cells (SI Appendix, Fig. S3E ), suggesting the mutation does not alter HA protein folding and processing. The WT and Y17H pH1N1 had similar replication kinetics in MDCK, A549, and primary normal human bronchial epithelial cells (SI Appendix, Fig. S3 F-H), suggesting virus packaging and infectivity are not affected by the mutation.
An HA-Destabilizing Mutation Attenuates pH1N1 Replication and Pathogenicity in Mice. We next investigated in vivo whether HA acid stability affects pathogenicity. We inoculated DBA2/J mice intranasally with 750 plaque-forming units (PFU) of WT or Y17H pH1N1 virus. WT virus caused ∼20% weight loss and 50% mortality, whereas Y17H virus caused minimal weight loss and <10% mortality ( Fig. 2 A and B) . Peak titers of Y17H virus were delayed ∼2 d and were reduced ∼10-to 100-fold in the nasal turbinates, trachea, and lungs ( Fig. 2C and SI Appendix, Table S2 ).
pH1N1 infection in humans can cause acute lung injury and acute respiratory distress syndrome (12) . In the DBA2/J mice, viral NP staining revealed that both viruses infected epithelial cells of the bronchi/bronchioles and pneumocytes in the alveoli (Fig. 2D) . However, the WT virus spread more extensively in the epithelial cells of the airways and alveoli, causing severe bronchiolitis (with greater necrosis of epithelial cells, edema, and perivasculitis) and diffuse alveolar damage (including greater interstitial septal thickening, infiltration of mixed inflammatory cells, and regenerative pneumocyte hyperplasia) (Fig. 2D) . Pathology scores for Y17H virus were significantly less (P < 0.05) at 3 and 5 d postinoculation (d.p.i.) than those of WT virus (Fig. 2E) . We probed inflammation by assessing cell infiltration and cytokine/ chemokine release in bronchoalveolar lavage fluid. The total cells and neutrophils, which help trigger lung repair and recruit adaptive effector cells, were 1.6-6.7 times lower in mice infected with Y17H pH1N1 than in mice infected with WT (P < 0.001 on days 3 and 5 p.i. and P < 0.01 on days 7 and 10 p.i.; Fig. 2F ), consistent with minimal pathology. Y17H virus also caused less induction of proinflammatory cytokines and chemokines involved in the recruitment of immune cells or lung repair than WT pH1N1 (SI Appendix, Fig. S4A ). The levels of those proinflammatory mediators remained significantly lower on days 5 (P < 0.05, P < 0.01, P < 0.001, and P < 0.0001) and 7 (P < 0.05 and P < 0.01) p.i. Y17H-infected mice also had minimal pulmonary vascular permeability and 2.5-3.3 times less extravasation of high-molecular-weight proteins in bronchoalveolar lavage fluid on days 5 (P < 0.01) and 7 (P < 0.001) p.i. (SI Appendix, Fig. S4 B and C) . Overall, the data show that a destabilizing HA mutation (activation pH, 6.0) substantially reduces pH1N1 replication and pathogenesis in mice.
pH1N1 Pathogenicity and Airborne Transmissibility in Ferrets Require a Stable HA. Ferrets are a well-established model for studies of influenza pathogenicity and transmissibility. Their lung physiology, receptor expression patterns, clinical signs, and transmission phenotypes resemble those in humans (13) . We intranasally inoculated 5-mo-old female ferrets with 10 6 PFU of WT or Y17H pH1N1 virus and collected tissues 3 and 6 d.p.i. Whereas WT virus was recovered from the tracheas and three to five lung lobes in all four ferrets, the Y17H mutant was recovered from only two tracheas and one to two lung lobes (Fig. 3A) . Peak titers of Y17H virus in nasal washes occurred 2 d later and were lower by a factor of 100 than those of WT virus (Fig. 4A) . Both WT and Y17H viruses infected the submucosal glands and the epithelial cells of the nasal turbinates, bronchi/bronchioles, and alveoli (SI Appendix, Fig. S5 A and B) . However, Y17H pH1N1 spread less efficiently early in infection (SI Appendix, Table S2 and Fig. S5A ). The overall blinded histopathology score in Y17H virus-infected ferrets of the nasal turbinates and lungs was significantly lower For the Student test (C and E) and one-way ANOVA followed by Tukey post hoc test (F), significance is as follows: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. than in WT-infected ferrets (Fig. 3 B and C) . The lesions showed alveolar septal thickening, infiltration of inflammatory cells including monocytes/macrophages in the alveoli, pneumocyte hyperplasia, and bronchial and bronchiolar epithelial necrosis (SI Appendix, Fig. S5 A and C) . In addition, the Y17H group also showed significantly less damage in the nasal turbinates and lower induction of proinflammatory cytokines (Fig. 3 B and D) .
We next investigated the effect of a destabilized HA protein on direct contact and airborne transmission between ferrets. For each of four caging units per virus, one donor ferret was intranasally inoculated with 10 6 PFU virus. One day later, one naive ferret was moved into the same cage and one was moved into an adjacent cage, permitting only airborne transmission. Virus in nasal washes was titrated every other day. Both viruses transmitted by contact with 100% efficiency (four of four) (Fig. 4B) . However, contact transmission of Y17H was delayed by 2 d, consistent with the 2-d delay in Y17H donors' peak nasal virus titers. As expected for a human pandemic virus, WT pH1N1 was airborne-transmitted with 100% efficiency (four of four) by day 5 p.i. (Fig. 4C) . Only one of four ferrets in the Y17H group transmitted by the airborne route, and transmission was detected 4 d later than in the WT group. All ferrets with nasal wash virus titers became seropositive (HI titer range, 320-2,560), whereas the three negative animals remained seronegative (SI Appendix, Fig. S6A ). Further, WT-and Y17H-infected ferrets had similar neutralizing antibody and total IgG levels (SI Appendix, Fig. S6 A and B) .
As direct contact transmission in the Y17H group was delayed and airborne transmission was relatively inefficient, we sought to identify potential adaptive mutations in the recipient hosts. From recipient animal nasal virus isolates, we measured the HA activation pH and sequenced the HA, NA, and M genes. The WT sequence and HA activation pH were maintained in the WTinfected group (SI Appendix, Table S3 ), consistent with its high fitness and airborne transmissibility in ferrets. In contrast, in donor and contact ferrets in the Y17H group, subpopulations of viruses developed with one or more HA sequence variations, including HA1-H17Y (reversion), HA1-T290A, HA1-S291N, HA2-R106K, and others (SI Appendix, Table S3 ). As a result, the HA activation pH values of virus isolates from Y17H-inoculated donors were reduced from 6.0 to 5.7-5.9, and those of their contact cage mates were reduced to 5.5-5.8.
In the case of airborne transmission of Y17H virus, the donor ferret in cage 8 retained the Y17H mutation (except for small proportion of reversion near the limit of detection of nextgeneration sequencing on day 3) and had an increasing subpopulation of HA2-R106K variants on days 1, 3, and 5 of 17%, 69%, and 83%, respectively (Fig. 5) . In cage 8, virus first isolated from the contact ferret on day 5 contained 93% HA2-R106K and 5% HA1-H17Y. In the prefusion conformation, HA2 residue 106 resides at the core of the central triple-stranded coiled coil, at the hinge region between helices C and D that opens out after low-pH-induced activation (SI Appendix, Fig. S2 ). Mutations to residue 106 were previously found to alter HA acid stability in H2N2 and H3N2 influenza subtypes (14, 15) . To study the effect of an HA2-R106K mutation, we used reverse genetics to rescue an A/TN/1-560/09 (pH1N1) virus containing HA2-R106K. The R106K mutation decreased the HA activation pH from 5.5 to 5.3 (SI Appendix, Fig. S7 ). All three virus samples collected on days 7, 9, and 11 from the cage 8 airborne recipient contained HA1-H17Y (revertant) and HA2-R106K within the limit of detection of next-generation sequencing (5%), and all had HA activation pH values of 5.3 (Fig. 5) , similar to the reverse-genetics R106K mutant (SI Appendix, Fig. S7 ). The HA activation pH of 5.3 for the airborne-transmitted virus is within the range we had measured in natural pH1N1 viruses circulating in humans between 2010 and 2012 (5.2-5.4) (Fig. 1) . We analyzed pH1N1 sequences and found that the HA2-K106 polymorphism was present in eight of 21,102 WT pH1N1 viruses recovered from humans in North America, Europe, Africa, and the Middle East between late 2009 and 2014 (GenBank accession numbers ACR15758, ADC32410, AFK14341, AFK14358, AGR50262, AHY84609, AGB13360, AHV83800).
Discussion
The HA protein plays a central role in human influenza pandemics, yet the HA molecular properties required for pandemic potential remain largely undefined. Influenza virus pathogenicity has been clearly linked to its HA cleavage site sequence, which helps determine in which tissues the HA protein can be activated to cause membrane fusion and enter cells (16) . Influenza virus transmissibility in humans, and in ferret and guinea pig animal models, has been linked to the specificity of the HA protein to bind sialic acid-containing receptors that are abundant in the upper respiratory tract (2, 5) . Human pandemic viruses have also been loosely associated with a functional balance between HA receptor-binding avidity and NA receptor-destroying activities (17) . Here we showed that a relatively stable HA protein (activation pH ≤ 5.5) is necessary for the pandemic capacity of 2009 pH1N1 influenza virus. The HA activation pH was 5.5-6.0 in swine influenza virus precursors, ∼5.5 in human pH1N1 isolates at the start of the pandemic, and 5.2-5.4 in subsequent humanadapted pH1N1 isolates. Thus, the pH1N1 HA protein has become more acid-stable as it has evolved from swine to human hosts. In mice and ferrets, the growth of our prototypic early pandemic 2009 virus engineered to have a higher activation pH (by virtue , and airborne-contact ferrets (C). Downward arrows indicate subpopulations in the Y17H contact and airborne-contact ferrets with stabilized HA proteins (pH < 5.6). Each bar shows an individual animal. ****P < 0.0001; Student test. ND, not determined because there was insufficient sample for phenotypic testing from the airborne-contact ferret on day 9 p.i.
of an HA1-Y17H mutation) was delayed and reduced, thus reducing pathogenicity. The destabilized HA protein also eliminated airborne transmissibility in ferrets. Adaptation of the loss-offunction virus to ferrets resulted in an HA-stabilizing HA2-R106K mutation followed by HA1-H17Y reversion. These two mutations collectively lowered the activation pH to 5.3 and restored airborne transmission. HA stabilization would allow a human-adapted virus to avoid inactivation in the mildly acidic upper respiratory tract. Although several recent studies of highly pathogenic avian influenza (HPAI) viruses in animal models support the role of HA acid stability as a molecular "switch" for avian-ferret adaptation (18) , our data directly link HA acid stability with a human H1N1 influenza pandemic. Overall, our ferret experiment recapitulated the natural phenotypic evolution of the pH1N1 HA in humans, at least with respect to HA acid stability.
H5 and H7 HPAI viruses have HA proteins that are cleaved intracellularly, which is necessary for systemic virus dissemination. Relatively unstable HA proteins from HPAI viruses are protected from inactivation while trafficking through the secretory pathway by M2 ion channel activity, which neutralizes the mildly acidic trans-Golgi compartment (19) . In avian-like H5N1 viruses, relatively high HA activation pH values (5.6-6.0) were associated with greater growth and pathogenicity in chickens (20, 21) and greater growth and transmission in mallard ducks (22) . A stabilizing mutation that reduced H5N1 HA activation pH from 5.9 to 5.4 attenuated growth and eliminated transmission in ducks but enhanced growth in the upper (but not lower) respiratory tracts of mice and ferrets (22) (23) (24) . Here, stabilizing mutations that reduced pH1N1 HA activation pH from 6.0 to 5.3 enhanced upper respiratory growth and airborne transmissibility in ferrets. Similarly, two independent studies showed that adaptation of H5 viruses to the upper respiratory tracts of ferrets and the acquisition of airborne transmissibility required a mutation that lowered the HA activation pH from 5.6 to 5.2-5.4 (7, 8) . In addition, α-2,6 sialic acid receptor specificity and efficient polymerase activity at 33°C (the temperature of mammalian upper airways) were also required (8, 23, 25) . In contrast to the upper respiratory tract, in the lungs, a lower HA activation pH has been associated with reduced virus growth and reduced or delayed pathogenicity for H5N1 viruses (23, 26) . An opposite effect is reported here for pH1N1, for which a lower HA activation pH has been linked to increased growth in the lungs and increased pathogenicity. Further studies are needed to determine the extent to which differential HA cleavage and receptor binding specificity contribute to the apparent differences between HPAI and human seasonal influenza viruses in the lungs.
A mechanism by which HA acid stability regulates interspecies adaptation of influenza viruses is partially defined. When exposed to sufficiently low pH, the HA protein either is triggered to cause membrane fusion in the endosome or is inactivated by exposure to an acidic environment in the secretory pathway or outside the cell or host. An unstable HA protein is more prone to inactivation, whereas a very stable HA is more susceptible to lysosomal degradation. A higher HA activation pH (5.6-6.0) enhances replication of HPAI viruses in the enteric and respiratory tracts of ducks and chickens by facilitating membrane fusion (20, 22) . Such facile activation of the HA protein leads to virion inactivation in mildly acidic pH environments, such as the mammalian upper respiratory tract (7, 8, 23, 25) . The airways of mammals are mildly acidic (pH 5.5-6.9) (27) and become more acidic (pH 5.2) during influenza virus infection (28) .
Surveillance reports after the 2009 pandemic identified another HA-stabilizing mutation (HA2-E47K) that may have played a role in adaptation of pH1N1 to humans (29, 30) . Other viral genes may also contribute to pandemic capacity. Balanced HA and NA activity is reported in human pandemic viruses (17) and was shown to be required for pH1N1 airborne transmissibility in ferrets (31) . NA enzymatic activity promotes release of influenza virions by preventing aggregation and enhancing penetration of the mucous layer (32) . However, increased NA activity can also increase the HA activation pH of viruses (22) . When introduced into pH1N1 virus, both the NA and M genes of a TRS virus reduced airborne transmissibility in ferrets (33) . Conversely, introduction of pH1N1 NA and M genes into a swine virus enhanced transmission in swine (34) . Introduction of the pH1N1 M gene alone into PR8 or a swine H3N2 virus allowed efficient airborne transmission in guinea pigs (35) . The M gene encodes both the M1 matrix protein and the M2 ion channel. The HA destabilizing property of the M gene in the live attenuated vaccine backbone A/Ann Arbor/60 (H2N2) has been linked to M2 ion channel activity (36) , which is required to prevent HA inactivation during trafficking in the mildly acidic secretory pathway (19) . The M1 matrix protein contributes to virus assembly, budding, and morphology (37) , which may also affect transmissibility (38) .
At the heart of pandemic prevention is identification of emerging viruses that pose the greatest risk of adaptation to humans, so that infections can be contained and vaccine seed stocks can be produced. In some cases, swine may serve as a mixing vessel that allows avian-origin HA genes to evolve α-2,6 Fig. 5 . Evolution of loss-of-function Y17H mutant after acquiring enhanced transmissibility in ferrets. Viruses from the Y17H group in the experiment described in Fig. 4 were isolated so that their HA genes could be sequenced and HA activation pH values measured. Bar charts for each of the four cages (5) (6) (7) (8) show the proportion of mutations with each residue at positions HA1-17 and HA2-106 over the course of infection. Proportions were determined by nextgeneration sequencing. At HA1 position 17, red bars correspond to H17 (inoculated virus) and gray bars to Y17 (stabilized revertant). At HA2 position 106, gray bars correspond to R106 (inoculated virus) and blue bars to K106 (stabilized mutant). The isolated viruses were then propagated for measurement of the pH of HA activation by syncytia assay (mean of two independent assays, each performed in duplicate). Airborne transmission was only detected in cage 8. For the cage 5 and cage 6 donors on day 1 and the cage 5 contact recipient on day 5, sufficient sample was not available for next-generation sequencing, but Sanger sequencing showed no difference from the inoculated virus (HA1-H17 and HA2-R106).
receptor-binding specificity and to acquire other properties through mutation and/or reassortment of gene segments. Our findings suggest that one of the molecular requirements for a pandemic influenza A virus is a stabilized HA protein with an activation pH of 5.5 or less, a value sufficiently low to allow airborne human-tohuman transmission at the start of the 2009 pH1N1 pandemic. HA stabilization could occur in swine, other animal hosts, or directly in humans. Although swine influenza viruses only occasionally infect humans and rarely cause pandemics (39), they appear to pose an increasing risk. TRS viruses with human-like HA and NA proteins are airborne-transmissible in ferrets (40, 41) . Moreover, diverse swine viruses to which humans lack immunity are emerging through reassortment with the pH1N1 viruses (42) . This work and other recent studies suggest that the HA acid stability of emerging viruses is an important factor in their pandemic potential.
Materials and Methods
Cells and Viruses. Cells, viruses, and in vitro experiments in this study are described in SI Appendix, Materials and Methods.
Animal Experiments. Animal experiments were conducted in an ABSL2+ facility in compliance with the NIH and the Animal Welfare Act and with approval by the St. Jude Animal Care and Use Committee. Six-week-old female DBA/2J mice (Jackson Laboratories) and 5-mo-old male ferrets (Triple F farms) were anesthetized with isoflurane and intranasally inoculated with virus. Clinical signs, temperature, and weight were recorded daily. Details are in SI Appendix, Materials and Methods.
Statistical Analysis. Student t test and one-way analysis of variance followed by the Tukey post hoc test were used to compare groups. P values < 0.05 were considered statistically significant. All statistical analyses were performed with GraphPad Prism5 software.
